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ABSTRACT
Recently, unicondylar knee arthroplasty (UKA) has seen a resurgence in
clinical popularity, due to its increased success rate, improvement in implant
designs, and more efficient surgical techniques. However, it continues to be a
more technically demanding procedure and less forgiving compared to TKA
[14,16-19]. The early reported failures due to the malalignment errors during
surgery remain areas of concern clinically and experimentally [41-44,46]. In
addition, the difference in the compliance between the UKA implant materials
(metal-polymer) and the soft tissues in the un-operated comparted could also
affect the load distribution on the knee joint. Advancement in medical technology
and improvement in surgical techniques, such as computer navigation and
robotic guidance, have allowed significant improvement in the accuracy of UKA
compared to its preoperative plan. However, the real impact of the improved
implant placement accuracy has yet to be demonstrated. Therefore, a more
quantitative assessment of the effect of implant misalignment on the
biomechanics of the knee joint is needed. There have been preliminary studies
done in the area to better understand the biomechanical behavior of the
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procedure, but these are mostly performed using computer simulations [3,58]. It
is difficult to accurately predict and validate the biomechanical behavior of a knee
system using models with simplified geometries, structures, and material
properties without experimental corroboration. Therefore, we propose to develop
a custom-built knee rig in order to investigate the effect of mismatch in
compliance after UKA, and the influences of varying surgical malalignment errors
(Varus/Valgus) on the kinematics and contact pressures of the knee joint.
Different similar models of the oxford-type knee rig have been evaluated
and shown to be able to replicate the key kinematic characteristics of a normal
knee [60]. Our custom-built knee simulator will incorporate an advanced and
accurate motion tracking system (Polaris Spectra) with a volumetric accuracy of
0.30 mm rms, and a knee joint pressure mapping system (K-scan, Tekscan Inc).
The simulator will also consist of a novel detachable hip alignment assembly that
allows adjustment of the femur to recreate the natural femoral neck angle,
allowing the load bearing axis to pass through the center of the knee (Fig. 3.5). A
winged assembly on the rig will allow the balancing of an electric motor that has
a capacity of up to 10,000 N, allowing a full body weight simulation. A novel
method of securing the pressure mapping sensor was developed to minimize
sensor movement during testing and improve accuracy of the result (Fig. 4.10).
Data collected from this work will not only contribute to the information
needed to better understand the biomechanical behavior of the knee after UKA,
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but it will also provide a significant guidance and inputs for future computer
simulation and experimental studies. Results from the experiment should provide
information to help researchers and surgeons to evaluate and decide which tibial
component angulation is optimal to the long term performance of the knee after
the UKA procedure, and inform the greater understanding of UKA biomechanical
behavior of the knee, specifically on articular contact load distributions and
kinematics. The project will also promote collaborative work between
bioengineering students, researchers, and clinicians, and make significant
contribution to the current literature. The validated knee simulator will also serve
as valuable platform for future biomechanical studies of the knee joint.
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CHAPTER 1
Introduction and Motivation of
Study
Unicompartmental knee arthroplasty (UKA) is a surgical procedure that is
used to treat osteoarthritis when the damage is only limited to one compartment
of the knee. It is used in approximately 10% of the knee arthroplasty procedures
in the United States [1,2]. The main advantages of this procedure over the total
knee replacement (TKR) include preservation of bone stock, more physiologic
joint movement, improved proprioception, increased range of motion (ROM), and
faster recovery time [11-13]. In addition, the ability to convert a failed UKA to TKA
is possible. This allows patients to receive the advantages of UKA while delaying
the eventual TKA by up to a decade [14,15]. Many clinicians and authors have
reported that the conversion to TKA may be technically challenging, and can be
dependent on the designs, how conservative the initial procedure was, and the
mode of failure. Studies have however showed that with proper patient selection
criteria, newer implant designs, and bone conserving techniques, the conversion
can even be much less demanding than a revision of TKA [14,16-19]. The earlier
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failures and conversion difficulty is believed to be mainly due to the early nonconserving UKA devices and the use of UKA with rheumatoid arthritis patients,
which no longer meet the contemporary patient selection inclusion criteria for
UKA devices [14,19,20]. When strict criteria are applied by today’s standard, only
about 4-6% patients with knee arthritis are deemed appropriate for UKA
procedures [11].

1.1 Survival and failure mode of UKA
The recent resurgence of interest in the UKA is mainly due to its
significantly improved survivorship, which is mainly due the improved designs,
surgical techniques, and improved understanding of its basic kinematics [21,22].
A retrospective study by Pandit et al. reported a successful rate of 96% at ten
years of 688 medial compartment arthroplasties using the Oxford UKA system
[23].

Similarly, a study by Argensen et al. on the Zimmer Miller-Galante

prosthesis reported a success rate of 94% at ten years [24]. These reports and
others that share similar function and survival suggest that comparable outcomes
to TKA are possible [25-36]. However, another 15-year comparative study of
UKA (1886 knees) versus TKA (48,607 knees) by Koshinen et al [37] reported
that the survival rate of UKA was significantly reduced to only 60% versus the 80%
survival rate of TKA. It was suggested that this could be an indication that
surgical experience with these devices along with deeper understanding on the
underlying biomechanics may be critical to the success of UKA.
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1.2 Implant malalignment and current improvement
Despite the advantages of UKA, the functional outcomes and the longevity
of UKA are highly dependent on many factors, such as the underlying diagnosis,
patient selections, implant design and instrumentation [38-40], and importantly,
the implant alignment and fixation [1,4-6,41-45]. UKA is considered a more
technically demanding and less forgiving procedure compared to TKA. A poorly
implanted implant will be more likely to fail early [1,41-44,46]. These modes of
failure include periprosthetic fracture, aseptic loosening progression of arthritis,
polyethylene wear, and revision due to pain [38,47,48]. Failure to achieve optimal
alignment or proper placement of UKA has been shown to lead to early failures
and the progression of arthritis on the unoperated condyles [21,31,49,50]. A
study by Hadley et al [10] suggested that chronic stresses in excess of 2 MPa
would lead to long-term cartilage damage. Studies have correlated tibial and
femoral component misalignment to the long-term survival in UKA [1,41-44,46]. A
study by Swienckowski and Page suggested that varus/valgus (V/V) tibial
component malalignment as little as 3˚ may significantly increase the risk of early
failure [1,7,51-53]. Hernigou and Deschamps reported that tibial components
implanted with a posterior slope of more than 7˚ had a higher propensity for
aseptic loosening, particularly with a deficient or lax ACL [21]. It has been
estimated that as many as 40% to 60% of components may be malaligned by
more than 2 ˚ from the preoperative plan using the conventional method [54,55].
Even though the range of alignment and the precise mechanical axis is not
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entirely known, studies have shown agreement that variance beyond a safe
range can predispose to aseptic loosening of the UKA components [6,41,43,44].
A study of 245 medial UKAs by Collier et al. reported that the mean tibial varus
was 8˚± 3˚ (ranging from -5˚ to 21˚). This malalignment problem is likely to be
compounded when using minimally invasive surgical approaches, which is how
most of the contemporary UKAs are likely to be performed. Computer navigation
and robotic guidance have been recently introduced to increase consistency as
well as improve the accuracy of UKA compared to the standard preoperative plan
[1,2,54,55,]. A study by Conditt et al. reported that robotic surgery with
MAKOplasty has allowed a precise implant alignment with an error below 2° (0.2°
± 1.8°, mean ± RMSD) [54].

Conventional

Robotic

3.1°

1.9°

Varus/Valgus (RMS)

3.4°

1.8°

Coronal Plane (Varus)

2.7° ± 2.1

0.2° ± 1.8

Posterior Tibial Slope
(RMS)

Table 1.1. Error in conventional vs. robotic surgery [1]
Although these new techniques have shown promising results in mitigating
the malalignment problem, the real impact of the improved implant placement
accuracy has yet to be demonstrated. Therefore, there is a need for a more
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quantitative assessment of the effect of implant misalignment on the
biomechanics of the knee joint.
1.3 Past UKA component malalignment studies
To date, there is no report on an experimental study that shows the effect
of UKA implantation and the tibial component inclination on the contact pressure
in the knee joint. Most of the contemporary knee joint contact pressure
assessment studies on UKA have been done using computer simulations which
have yet to be corroborated with experimental results [56,57]. Hopkins et al
investigated the effect of UKA implantation as well as V/V femoral malalignment
on the kinematics and the contact pressure of the knee using finite element
analysis (FEA) [9]. In the study, the femoral component model was rotated by up
to 10° varus or valgus to simulate possible malalignment. The menisci and
cartilage models were assumed to be incompressible and linear-elastic materials.
The goal was to access the potential changes to the kinematics and cartilage
damage across the knee joint in response to the implantation of the Oxford
Mobile bearing UKA as well as the alignment errors.
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Figure 1.1. Posterior view of
UKA demonstrating varus–
valgus misalignment of the
femoral component [9].

Figure 1.2. AP translations and IE rotations of the tibia
recorded during the stance phase of a medial UKA and a
natural knee [9].
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Their study suggested that the internal rotation of the tibia was generally
higher in the medial UKA knee than in the natural knee during the stance phase.
It was observed that there was a maximum of 7.7˚ additional internal rotation of
the tibia in the medial UKA group when compared to the natural knee group (Fig.
1.2). However, the AP translations of the tibia in the medial UKA models were
found to be very similar to those predicted for the natural knee, with only 0.6 mm
maximum deviation. In the study, the contact pressures on the articular cartilage
were used to evaluate the potential for progressive OA in the untreated
compartment using the approach outlined by Argenson et al [1]. The study
concluded that there was no discernable trend between the varus and valgus
alignment observed in their models. However, the models lacked structural and
geometrical details and stability which would be imposed by the presence of the
patella and the natural ligaments. It should also be noted that the constraints and
force inputs used in the simulation were based on the healthy knee. The author
also suggested that the data presented was purely numerical and that it had to
be corroborated using an experimental model to validate the result.

The difference in geometry between the UKA implant system and the
natural knee could significantly affect the location of the joint contact points as
well as the kinematics. These changes may directly affect the moment arm of the
knee, the quadriceps loads, and the overall joint contact pressures. The
difference in the compliance between the UKA implant materials (metal-polymer)
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and the soft tissues in the un-operated comparted could also affect the load
distribution on the knee joint, especially at high loading condition during knee
extension. It is difficult to accurately predict and validate the actual
biomechanical behavior of the knee joint system using models with simplified
geometries, structures, and material properties without experimental
corroboration.

Table 1.2. Material properties of soft tissues and ultra-high molecular weight
polyethylene (UHMWPE) [9].
In another FEA study, Lesaka et al [58] investigated the influence of the
inclination of the UKA tibial component on the stress and contact pressure on the
metal–bone interface in the equal femorotibial angle (FTA) (Fig. 1.3) . The varus
inclination of the tibial component has been shown to lead to poor clinical results
in both TKA and UKA [58]. In TKR, the angulation of the tibial component directly
affects FTA, leading to possible alteration of the load distribution. In UKA,
however, it is possible to maintain the loading conditions even with different tibial
component angulations as long as the height of the joint line remains the same.
Therefore, it is possible for a surgeon to achieve the acceptable range of motion
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and tightness with a tibial component that is implanted slightly varus or valgus if
the height of the joint line is maintained. However, the influence of the V/V
inclination error on the mechanical stress and contact pressure in proper and
equal FTAs after UKAs were poorly understood. This has become the focus of
their current study. The results from their finite element analysis (FEA) work
indicated that slight valgus inclination of the tibial component might be preferable
over varus and even to 0° when the height of joint line is maintained as far as
stress distribution is concerned [59]. As shown in figure 1.5, the stress on medial
edge increased linearly as the tibial component inclination changed to varus, but
it decreased on the lateral side. However, in the 5° inclination model, the contact
pressure was balanced.

Figure 1.3. Femorotibial
angle [58]. Angle between
the femoral shaft axis and
the tibial shaft axis.

Figure 1.4. The contact stress
distribution on the metal bone interface
in three FEA models (0°, 5° varus, and
5° valgus inclination models) [58].
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Figure 1.5. The contact pressure on metal-bone interface [58].
The graph shows that the stress on the peg was almost the
same at any inclination. The stress on the medial edge
increased linearly, but that on the lateral side decreased. In 5°
valgus inclination model, the contact pressure was balanced.

Although the conventional 0° tibial component alignment has yielded
satisfactory success rates clinically, it would be beneficial to explore the other
angulation possibilities that could further optimize the long term outcome of these
devices. The proposed research focuses on investigating 1) the effect of
mismatch in compliance after UKA, and 2) the optimal V/V tibial component
angulation to elucidate the reasons of failure as well as optimize implant and
contra-compartmental cartilage the knee stress distributions and its condylar
kinematics using cadaveric specimens and a custom-built knee rig (Fig. 3.1).
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CHAPTER 2
Research Overview
2.1 Overview
The PhD dissertation focused on developing a customized knee testing rig
to evaluate the kinematics and contact pressures of knee joint after UKA
implantation. It is believed that malposition as well as the mismatch in
compliance between the hard and soft tissue materials may lead to an
uneven/abnormal joint stress distribution, especially under high loading
conditions. Therefore, there is an urgent need to understand the relationship
between UKA mal-alignment and the resulting biomechanics of the knee using
cadaveric specimens. The goal of the current work is to develop testing platforms
that enable collaborative work between clinicians and researchers in performing
experimental studies, gathering and analyzing information needed to better
understand the biomechanical behavior of the knee.
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2.2 Specific Aims
Although Unicompartmental Knee Arthroplasty (UKA) procedures now
constitute 10% of knee implant procedures, the variables that affect their
functional outcomes and long-term survival rates are poorly understood [1,2].
These variables include a variety of patient, surgical and implant factors;
including diagnosis, patient selection, implant design, material, implant alignment
and fixation, and mismatch in material compliance [3-6]. Results from
retrospective studies have indicated that inaccurate positioning varus/valgus (V/V)
of UKA components may lead to the increased rates of clinical failure [7-8].
However, the degree of acceptable alignment, as well as the actual changes in
the contact pressure on the knee after UKA has not been well understood. As
these procedures gain wider acceptance, therefore, there is an urgent need to
identify the factors that could most influence the long-term performance of the
knee following UKA, and the patency of the remaining intact contralateral side.
Therefore, the goal of the proposed research is to investigate the relationship
between UKA mal-alignment and the resulting biomechanics of the knee using
cadaveric specimens and a custom-built knee rig. The following aims are
proposed:

Aim 1: To design and construct a knee testing system that will
enable the physiologic simulation a cadaveric lower limb in knee flexion (090°). An oxford-like knee rig was designed in CAD and built. The constructed rig
will consist of ‘hip’ and ‘ankle’ assemblies, which combine to allow a natural six
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degrees of freedom of movement. A detachable alignment assembly was
designed to allow adjustment of the femur to recreate the natural femoral neck
angle, allowing the load bearing axis to pass through the center of the knee.
Cadaveric specimens was anatomically aligned and mounted on the rig. A 3D
motion capture system and pressure mapping system was utilized to capture the
biomechanical behavior of the knee.

Aim 2: To develop novel in-vitro testing methods and protocols to
quantify kinematics and kinetics of post-mortem human knees to validate
the knee simulation system. Sawbone and pilot cadaveric specimen(s) were
used to assess the physiologic nature of the knee rig and establish a baseline
dataset of specimen mechanics. A MATLAB script was written to quantitatively
locate the midpoint of the epicondylar axis (EPA), which will used as the
reference point to track anterior/posterior (A/P) motion. A novel technique for the
pressure sensor placement will also be developed. The kinematics, contact
pressure, and area obtained from the intact cadaveric testing were compared to
the literature values. The data was used to quantify the repeatability of the
simulator as well as serving as a control for the proposed study.

Aim 3: To investigate the effects of the tibial component UKA
inclination on in-vitro knee kinematics and contact pressures in the knee
simulator under dynamic conditions. Custom-made tibial angulation fixtures
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were designed and machined to be integrated with the JOURNEY UNI system
donated by our industrial partner, Smith & Nephew. The fixture will allow
angulation of the unicompartmental tibial component at various inclinations
without significantly altering the height of its joint line. A modified implantation
protocol that is specific for the fixture was developed and revised based on inputs
from our GHS clinical collaborators. The specimens were subjected to various
degrees of UKA inclinations (neutral, varus, valgus), simulating different cases of
surgical malalignment. The A/P translation, I/E rotation, contact pressure, and
contact area data were compared to the control. Risk analysis on the
contralateral side was based on the published 2 MPa threshold [9,10]

2.3 Conclusion
The results from study will provide a better understanding of articular
contact load distribution, which could be used to improve technical UKA design,
clinical guidance for UKA implantation, and, ideally better long-term results for
knee UKA. In addition, the work will also provide a significant guidance and
inputs for future computer simulation and experimental studies. The constructed
knee simulator will also serve as valuable tool for future biomechanical studies of
the knee joint. The proposed work will also involve extensive collaboration
among students, clinicians, and faculty members, and make significant
contribution to the current literature.
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CHAPTER 3
Design and Construction a
Knee Testing System
3.1 Background
A knee testing rig is a biomechanical testing device specifically designed
for investigating the kinematics and kinetics of cadaveric human knee-joint
specimens during knee-flex stance simulations. Current in-vivo measurements of
patients can provide assessments of displacement and rotation but they do not
permit quantification of internal forces and movement of internal structures [6165]. Compared to in-vivo study, in-vitro testing with the knee rig allows more a
versatile means of data collection since devices can be implanted and its test
conditions can be more easily controlled and manipulated, such as the use of
contact pressure sensors, rigid attachment of motion sensors, different cases of
pathological conditions, and types of implants. The knee rig can be used to
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perform detailed biomechanical study of an intact knee as well as its changes
after reconstruction procedures or under pathological conditions. In other words,
direct comparisons can be made between different implant designs, various
reconstruction methodologies, and pathological conditions to the physiological
knee joints in a better controlled, reproducible, and scientific manner. In addition,
the data collected from the experiment may also serve as validation or be used
as inputs to other computational knee joint simulation studies, in which ligament,
muscle, and joint contact forces are normally either calculated or estimated using
simplified models. Wear simulators are another type of knee simulator other than
the one described previously. The device reproduces the knee joint motion
(flexion/extension, I/E rotation, and varus/valgus) using repetitive cyclic testing, in
order to perform long term wear, fatigue, and durability tests of a joint
replacement in a controlled condition. These wear simulators are rarely used in
combination with cadaveric specimens, and are usually reserved for just the
evaluation of implant mechanics and wear during long-term repetitive simulation.
Even though this type of simulator is very important in the field of orthopedic
implant testing, it will not be focus in this chapter.
One of the earliest kinematic knee simulators was first described by Shaw
and Murray in 1973 [74]. A hydraulic actuator was used to vary the length of the
quadriceps tendon to achieve flexion/extension. The simulator was first designed
to test total knee replacements under simulated level walking condition. To
simulate stance and swing phases of gait, lead weights were added/removed
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to/from the top of the knee system manually. The system is considered a quasistatic type. Another earlier version of the knee simulator, known as the “Oxford
Rig,” was built by O’Connor and colleagues to study various knee arthroplasties
[64). In 1979, Young, Young, and Treharne developed the first servo hydraulic
system that was fully computer controlled, allowing motion pattern simulation [75].
In 1983, two similar knee testers were developed in the laboratory of Dr. David S.
Hungerford and in the laboratory of Leo A. Whiteside of Depaul University [73,76].
They were built to perform static tests on the axial and rotational stability of the
intact knee as well as knee arthroplasties. The earlier prototypes allowed
constant axial force or body weight to be applied to the system. The flexion was
controlled by the length of the quadriceps tendon actuator. It allowed free or
controlled movement of I/E and V/V rotation of the knee, allowing unconstrained
knee response to an axial load. The device was originally built with the hip joint
positioned directly above the ankle to simulate a deep-knee bend. However,
modifications were made later on to allow off-axis loading and made simulations
of other joints (such as hip and ankle) possible. A dynamic simulator system was
created by McLean and Ahmed in 1993. The simulator has an ability to
independently control the axial load and flexion/extension. Stepper motor was
used to control the flexion/extension of a knee specimen. The system was
unconstrained in V/V and I/E rotation. An actuator was also used to simulate
hamstrings, which was not used in many earlier versions of the knee rig.
Refinements and similar versions of the rig have been built in various sites
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throughout the United States [73-81]. The Kansas Knee Simulator (KKS) is
considered one of the more advanced knee simulator built today [81]. It uses
servo-hydraulic systems that are fully computer controlled to apply dynamic
loading to the knee. A vertical load is applied at the hip to simulate body weight.
The hip is allowed to flex/extend and translate vertically. A servo-hydraulic
actuator is mounted on the femur and attaches to the quadriceps tendon. The
system is unconstrained in axial, V/V. and I/E rotation. These axes can also be
controlled with hydraulic actuators and controllers depending on the focus of
interest. These extra controllers allow I/E rotation, mediolateral translation, ankle
flexion loads to be applied at the base of the tibia in order to simulate different
activities, such as walking.
For the current project, a customized and improved version of the oxfordtype knee rig, Clemson Knee Rig (Fig 3.1), was constructed at the Laboratory of
Orthopaedic Design and Engineering in Clemson University under the
supervision of Dr. John DesJardins. The device was built in order to quantify the
joint contact stress, force, area, and location. The system is capable of simulating
a dynamic, quadriceps force-controlled squatting motion under full body weight
conditions, thus replicating physiologic knee bending mechanics in a cadaveric
model. The winged counterweight assembly attached to the hip assembly was
designed to house the actuator for the quadriceps (Fig 3.1). This feature allows
the use of a more powerful and heavier electric motor without altering the flexion
moment of the knee during simulation. The weight of the motor was balanced on
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the other end of the winged assembly. The pulley systems were also used to
minimize side loading on the actuator as well as for the adjustment of the Qangle. The movable X-Y table at the base of the ankle assembly allows off-axis
loading, which means that the direction of the body weight load might not have to
be aligned with the proximal end of the femur and the distal end of the tibia. This
feature expands the capability of the simulator to allow simulations other than the
knee or squatting motion alone. In other words, simulations such as stair climbing,
and other joints were made possible. A unique alignment assembly was also
developed and incorporated into the system (Fig. 3.5). It allows the
reconstruction of the femoral neck angle in the knee rig during the alignment
procedure, thus, allowing a more realistic anatomical alignment. This alignment
assembly is detachable, which allows the aligned cadaveric specimen to be
removed, stored, and remounted. The system has also been modified to allow
optional separate directional loadings for rectus femoris (RF) and vastus
intermedius (VI), vastus medialis (VM), and vastus lateralis (VL) with the use of
additional pneumatic actuators when needed (Fig 3.10). This feature is useful for
case studies, such as patella kinematics study, where a detailed motion and
contact pressure of a patellar bone is of particular interest. A 6-axis load cell
(AMTI MC3A–6-1000) is used to collect force/moment data. Unlike the older
version of the knee rig that used potentiometers and led/camera system, the
current system utilizes an advanced 3D motion capture system to record the
resulting knee kinematics during simulation. The Clemson Knee Rig also
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incorporates K-scan system (Tekscan, Inc) that enables the system to measure
the joint contact pressures, area, and location in real-time during dynamic
simulation.

Table 3.1. Comparison of Knee Simulators
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Figure 3.1. Clemson Knee Simulator. A: hip Assembly, B: alignment Assembly, C:
quadriceps tendon, D: cryoclamp, E: hamstrings, F: tekscan sensor, G: polaris
markers, H: ankle assembly, I: Electric motor, J: pneumatic piston, and K:
counter weight

Knee simulation was performed by shortening the quadriceps tendon of a
cadaveric knee specimen to produce a realistic muscle action. Optimal in vitro
knee alignment was attained by adjusting the translation and rotation of the fixed
femur and tibia to match their respective physiologic axes under direct
fluoroscopic guidance. The knee rig has been validated using cadaveric
specimens and shown to be capable of replicating the main characteristics of
native knee joint [60]. The design and capability of the device are discussed in
further detailed in this chapter.
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3.2 Design Components and Features
A CAD model of the rig was designed and evaluated using SolidWorks
2009 SP4, and machined according to these specifications. The knee rig
incorporates both ‘hip’ and ‘ankle’ assemblies (Fig. 3.2 and 3.3).
Ankle Assembly. The ankle assembly consists of three sets of rotary bearings
which all intersect at a fixed point or center of the ankle. These bearings allow
rotary motion of the tibia about the center, which include flexion/extension (F/E),
varus/valgus (V/V), and internal/external (I/E) rotation. Underneath the center of
the joint, a stainless steel block is incorporated. It acts as a gimbal to increase
the stability and keep the construct upright in the unloaded state. A slotted
locking feature on each side of the bearings allows the position of the construct
to be locked in place. This enables the assembly to be locked at a desired angle
at every 5˚ increment during initial specimen alignment or testing. The ankle
assembly has a range of motion of 90˚ in each flexion/extension direction, and
45˚ in varus/valgus. It is also allowed to freely rotate axially (I/E). The distance
from the pivot of the ankle assembly to the potting base is 4.75 inches with the
load cell attached. This represents the length that should be removed from the
distal end of the tibia specimen before potting.
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Figure 3.2. Ankle assembly. The ankle assembly is unconstrained in
F/E, V/V, as well as internal/external (I/E) rotation.

Hip Assembly. The hip assembly consists of two sets of rotary bearings which
intersect at the center of the hip, which allow unconstrained motions in
flexion/extension and varus/valgus. This center of the hip joint is aligned so that it
is positioned directly above the center of the ankle joint. On top of the locking
components in the F/E and V/V directions, the designed hip assembly also has a
unique alignment feature. The alignment components on the hip assembly allow
the reconstruction of the natural Q angle of the knee after the removal of the
femoral neck for mounting (Fig 3.5). The lower half of the hip assembly can be
removed and stored in the freezer after the specimen has been anatomically
aligned. The hip assembly has a range of motion of 90˚ in flexion/extension and
45˚ in varus/valgus directions. These axes can also be locked at every 5˚
increment. The distance from the pivot of the hip assembly to the potting base is
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5.125 inches with the load cell attached. This represents the length that should
be removed from the proximal end of femur specimen before potting.

Figure 3.3. Hip assembly. The hip assembly is unconstrained in
flexion/extension (F/E), and varus/valgus (V/V). It also consists of
alignment features that allow the anatomical alignment of a femur.
Linear bearing System. Two vertical rods with linear bearings allow the vertical
movement of the hip relative to the ankle (Fig 3.4). Both the hip and ankle
assemblies are unconstrained in flexion flexion/extension, and
abduction/adduction. The ankle assembly is also unconstrained in the axial
rotation. The movements of the hip and ankle assemblies combine to allow a
knee specimen its six degrees of freedom of movement, which include three
rotations: flexion/extension, abduction/adduction, internal/external tibia rotation
and three translations: anterior/posterior, medial/lateral, proximal/distal. This
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device allows a cadaveric specimen to be tested with both axial and quadriceps
force, axial force alone, quadriceps force alone, and unloaded condition.

Figure 3.4. Linear bearing rail system on the Clemson Knee Rig. It
allows unconstrained vertical motion for the hip assembly.

Figure 3.5. Alignment features on the
hip assembly. The translational and
rotational components combine to allow
the reconstruction of the femur position
and knee alignment.
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Serrated Cryoclamp. A customized serrated cryoclamp was designed and
machined to hold the quadriceps tendon and prevent slippage. A unique spring
loaded compartment on top of the clamp ensures that the dry ice is in constant
contact with the metal clamp (Fig 3.6 and 3.7). This clamp is aligned so that the
quadriceps tendon is pulled in the direction of the steel cable. Two smaller
serrated clamps were also built and used to hold the hamstrings.

Figure 3.6. Cryo-clamp design. Clamp design for
quadriceps (top) and for hamstrings (bottom)
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Figure 3.7. Cryoclamps with loaded
spring compartment and dry ice.
Pulley Systems. Adjustable pulley systems are positioned on the anterior and
posterior sides of the knee. They are used to guide the pull directions of
quadriceps and hamstrings respectively (Fig 3.8 and Fig 3.9). The pulley on the
anterior side guides the quadriceps tendon while the two pulleys on the posterior
sides direct the hamstrings. The clamp should be adjusted and aligned carefully
so that the direction of pull is parallel to the quadriceps tendon and passes
through the center of the cable attachment.
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Figure 3.8. Pulley systems for
quadriceps and hamstrings (sagittal
view).

Figure 3.9. Pulley system for hamstrings
(posterior view).
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The system also consists of optional fixture, pulley systems, and pneumatic
actuators to allow RF/VI, VM and VL tendons to be pulled in different directions.
This configuration is normally used for specific study, such as patellar kinematics
study.

Figure 3.10. Quadriceps
muscles, VM, VI/RF and VL are
being pulled in different
directions
Counter Weight System. Two parallel bars that run in between the hip
assembly house the motor control system for quadriceps, and the pneumatics
piston for hamstrings (Fig. 3.12). Weights are added, aligned, and locked at one
side of the winged assembly to balance the flexion/extension moment due to the
weight difference between the two actuation systems. The total weight of the
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assemblies on the knee rig is measured using the load cell. Using this
measurement, an axial body weight is adjusted via counterweights above the hip
assembly (Fig 3.11).

Figure 3.11. Counter weight system for
adjusting body weight.

Figure 3.12. Pneumatics piston for
hamstring load simulation.
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3.3 Basic Hardware and Control
The knee simulator recreates common activities such as squatting by
simulating muscle contraction and weight bearing. The quadriceps are the most
common simulated muscle group because the orientation of the quadriceps,
patella, and its tendon makes it easier to produce a realistic muscle action by
pulling on the quadriceps tendon. The tendon is pulled in the direction of the
resultant vector of all four quadriceps muscles.
Linear Motion Control System. In order to perform testing under full body
weight simulation, a powerful linear motion control system has to be used. Servo
driven linear actuator system (ET80 and NTE-320, Parker, Wadsworth, OH) is
used in the system (Fig 3.14). The system is capable of generating a maximum
thrust of 8300 N. The automation programming is done using the motor driver
(EP-206) and PowerTools Pro v.5.3 software. The motor, driver, actuator, and
gear information were inputted to calculate displacement of linear actuator. Reed
switches (SMD-1L and SMR-1L) are used to set the actuator travel limits to
prevent damage to the system as well as the specimen (Fig 3.13). Two pulley
systems, adjacent to the actuator and on the hip assembly, are utilized to
minimize side loading on the actuator rod.
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Figure 3.13. Limit input settings for the reed switches on
the PowerTools Pro V. 5.3 motor control software.

Figure 3.14. Linear Motion Control System. It comprises
of a linear actuator, servo motor, and gear.
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Force Transducer. A tension/compression load cell (Model LSB352, Futek Inc.,
Irvine, CA), 1000 lbs (~4400N) capacity, is used to measure the resulting
quadriceps force during testing. The load cell is attached directly onto the
actuator rod of the motion control system using a coupler. A pulley system is
adjusted such that the pulling direction of the steel cable is directly across the
middle of the of the load cell. The steel cable is attached to the eye tip of the
actuator with a cable ferrule.
Multi-axis Load Cell. A 6-axis load cell (Model MC3A-6-1000, AMTI Multicomponent transducers, AMTI Inc., Watertown, MA) is used to collect
force/moment data. The load cell has a load capacity of 1000lbs (Fz) and 500 lbs
(Fx, Fy), and moment capacity of 1000 in-lbs (Mx, My) and 500 in-lbs (Fz). The
system has a sampling rate of 1000 Hz. The load cell is designed to be placed in
two locations, depending on the parameter of interest. The system can be used
to measure body weight and internal force/moment of tibia when it is placed
above the ankle joint. When it placed underneath the joint, it can provide
information on the ankle/foot ground reaction force/moment.
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Figure 3.15. Multi-axis cell attached to the
ankle assembly

Motion Tracking System. An NDI Polaris optical tracking system, Polaris
Spectra, Northern Digital Inc. Waterloo, Ontario, Canada, is used to track the 3D
motions of the specimens mounted on the knee rig. The Polaris Spectra system
is an optical measurement that tracks the 3D positions of markers (passive or
active) attached to a design tool. It utilizes a position sensor to detect infrared (IR)
emitted or reflected from infrared-emitting or retro-reflective markers. This sensor
then calculates the position and orientation of the tool based on the information
received from the markers.
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Figure 3.16. Polaris spectra (left) and a rigid tracking tool
with four attached reflective markers (right).
There are three types of tool classifications: passive tools, active wireless
tools, and active tools. The passive wireless tools utilize retro-reflective passive
markers. The position sensor from the system flashes infrared light from its
illuminator. It is then reflected back by the passive markers and picked by the
sensors. Unlike the former, the active wireless tools are powered by battery or
the equipment they are attached to. The active wireless tools can detect IR pulse
emitted by the position sensor via their IR receiver. The markers on the tool then
emit IR, which are detected by the position sensor on the system. For the wired
active tools, the active markers simply emit IR, which are detected by the IR
receiver on the position sensor. The dimensions of these tools are normally
designed based the on the tool constraints stated in the system manual as well
as the application of interest. Each of these tools has to be rigid with at least 3
markers affixed to it.
The markers on each motion tracking tool have to be at least 50 mm apart
(extended volume). The passive wireless tools were chosen and used in the
current study due to its simplicity and lower cost. The angle between the
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segment pairs of each tool should differ by at least 2˚ in order for the tools to be
compatible with each other as per manufacturer’s recommendation.

Figure 3.17. Passive wireless tools with retroreflective markers.

A tool was attached to every rigid body (femur and tibia). One tool
normally serves as a reference or global tool. A tool definition file was created for
every tracking tool which contained information of the tool geometry, position
coordinates, mode, and the preset local reference axes. The Polaris Spectra
system has a volumetric accuracy of 0.30 mm RMS2 (extended pyramid) with a
maximum update rate of 60 Hz.

36

Software and Control. A data acquisition device, NI PCI-6221, M Series DAQ
(16 Analog Inputs, 24 Digital), National Instrument, Austin, TX, was used to
measure the voltages from the output channels of AMTI multi-axis load cell (6
channels, measures BW or ground reaction force/moment) and Futek force
transducer (1 channel, measures quadriceps force). A data collection platform,
Labview 2010, National Instrument, Austin, TX, was used to process and record
the data (Fig 3.18).

Figure 3.18. Labview VI for displaying and recording the forces/moments
data from the AMTI multi-axis load cell and Futek force transducer.
All the data collection software in the study, which includes I-scan
(Tekscan, Inc) for pressure mapping, NDI Track (NDI, Inc) for motion capturing,
and LabView for forces/moments data recording, should be initiated
simultaneously. In order to achieve this, a mini script was written with
AutoHotKey V 1.1, a scripting language for desktop automation. Once started,
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the script automatically activates each data collection software window and
initiates the recordings. The linear motor control system may also be completely
automated in the same manner after the direction, acceleration, and velocity of
the linear actuator system have been set. However, the manual jog function was
used instead in the study to ensure that the knee reached full extension and to
prevent possible overextension that could potentially damage the specimen as a
safety precaution.
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CHAPTER 4
Development of Novel Testing
Methods and Protocols
This chapter describes the main testing methods and protocols that were
specifically developed for performing biomechanical testing with the Clemson
Knee Rig.
4.1 Cadaver Preparation
Cadaveric knee specimens were obtained with appropriate IRB approval
for use in this study. Initial cuts were made on the proximal femur (5” ± 0.5) and
distal tibia (6.5” ± 0.5) to facilitate storage and the potting process. The
specimens were screened for deformities and signs of prior surgery.
Ligamentous stability was accessed and the range of motion of each specimen
was measured after thawing. Specimens were screened for deformities and
signs of prior surgery. The Kellgren-Lawrence (KL) scoring system is used [71,
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72] to assess the severity of knee osteoarthritis using five grades (0 to 4). Each
specimen was graded with KL score of 0 to 4, depending on the conditions.
These tests were done to ensure that the knee is free of pathology with
osteoarthritis or flexion contracture. Each specimen should be able to achieve
the desired range of motion (0 to 90˚) required for testing. Dissection aimed to
isolate the quadriceps, semi-membranosus, and biceps femoris tendons in
addition to identifying the joint capsule, retinaculum, and patellofemoral ligaments
(Fig. 13). Skin, connective tissues, muscles, and fat were carefully trimmed to
expose the tissues of interest (Fig 4.1). The fibula is fixed to the tibia with a
surgical screw.

Figure 4.1. Cadaver
dissection.
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4.2 Specimen Mounting and Alignment
In order to produce reproducible readings, the consistency of the
specimen mounting procedure in the knee tester is very important. The aim of the
mounting procedure is to align the flexion axis of the knee parallel to the
rotational axis of the femoral mount. However, this is difficult since the rotational
axis of the knee actually moves during flexion due to the difference in the radii of
curvatures between both condyles. The modern F/E axis theory suggests that a
physiological knee rotates about a single flexion axis, however, it should be
noted this axis is not normal to the sagittal plane [66]. Nevertheless, the
alignment method gives a more consistent starting position for every specimen.
The femur is cut 5 ± 0.5 inches proximally, and the tibia is cut 6.5 ± 0.5
inches distally. These cuts were made to preserve that the length of the femur
and tibia relative to the center of the hip and ankle when mounted in the knee rig.
The tibia and femur are then fixed in the potting cup in the upright position using
either bone cement or epoxy. The alignment of the tibia before potting is more
important since less adjustment can be made after potting. The bearings as well
as the X-Y table installed underneath the ankle assembly may allow slight
position correction after potting if needed. Optimal in vitro knee alignment was
attained in accordance to MacWilliams et al [65], by adjusting the translation and
rotation of the fixed femur and tibia to match their respective physiologic axes
under direct fluoroscopic guidance. A portable X-ray system is used to align the
specimen in both the coronal and sagittal plane. In the coronal plane, every
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femur is aligned ±1˚ of the tangent of the distal femoral condyles to the horizontal
line which is determined using a hanging weight. In the sagittal plane, the
posterior condyles are superimposed by rotation the femur internally/externally
and the femoral shaft is aligned within ±1˚ vertically. After a body weight is added,
the tibia is allowed to find its neutral position in both V/V and I/E rotation. This
configuration represents the neutral alignment. All flexion/extension, I/E rotation,
and V/V angles were recorded as zero in this neutrally aligned state. A tool was
installed rigidly in each tibia and femur with screws. The local axes of each tool
from the motion tracking system were set and zeroed at this state.

Figure 4.2. Knee alignment in the coronal plane (left) and in the sagittal
plane (right) with fluoroscopy [65]
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Figure 4.3. Knee alignment with a portable fluoroscopy
system at GHS.

4.3 Locating the Reference Axes
MATLAB script was written to quantitatively locate the midpoint of the
epicondylar axis (EPA), reference planes, and produce outputs of AP translation,
and I/E rotation. A study by Hollister et al [66] suggested that the F-E axis of the
knee is fixed within the femur and that the articular surfaces of the condyles are
circular in profile. This fixed flexion and extension axis theory has been accepted
widely in the orthopedic community, replacing the classic concept of the variable
F/E theory that was based on observation in the sagittal plane [66]. The single
flexion axis theory along the EPA is an important concept in the analysis of knee
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kinematics. This system was used for determining the reference axes in
describing knee motion in our study (Fig. 4.5 and 4.6).

Figure 4.4. a) The LED arcs obtained with camera alignment along FE
axis b) Camera aligned perpendicular to FE axis [66].

Figure 4.5. The anatomical coordinate
systems used to describe the motion of
the femur with respect to the tibia [67].
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Figure 4.6. Coronal view. The
anatomical coordinate systems
used to describe the motion of
the femur with respect to the
tibia [67].

Figure 4.7. Illustration which shows the
motion of tibia relative to the femur in a
Sawbone knee system.

Figure 4.8. 3D plotting that represents the motion of the
tibia relative to the femur with Matlab (blue). A best circle
fit is created and plotted (red).
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The movement of a 3D coordinate on tibia relative to femur was plotted.
Using a MATLAB script, these points were plotted and a best fit circle was
created (Fig. 4.8). The normal to the center of the circle in the 3D coordinate
system was used as the epicondylar axis. Flexion-extension (F/E), internalexternal rotation (I/E) were defined by the projection of the anatomical femoral or
the axes onto planes fixed in the tibial coordinate system [67]. These planes
were parallel to the sagittal and coronal planes after the each specimen was
aligned anatomically at the full extension position. The anterior-posterior (A/P)
displacement of the tibia was determined by the projection of the origin of the
tibial coordinate system on the A/P axis of the femur. The tracking point was
used as a reference point to track A/P motion [67].
4.4 Novel Method of Securing Pressure Mapping Sensor
K-scan System (Tekscan, Inc) is used to quantify the pressure, force, and
contact area between adjacent articulating surfaces. The paper-thin K-scan
sensor consists of two independent sensing regions that can be inserted on each
side of the knee condyles. Each sensing region has an area of 33.0 mm x 27.9
mm with a thickness of 0.102 mm. Within this area, there are a total of 572
sensels that are distributed evenly in the square area. The sensor model #4000
has a maximum pressure sensing capacity of 10342 Kpa (~103 Mpa). The use of
such sensor in the knee joint has been challenging. Some of the common
problems include shifting, crinkling, folding, tearing, and damages on the sensor
film testing. The widely used method of attachment includes suturing the non-
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sensing region of the film to the surrounding tissues, which includes ligaments
and menisci. These soft tissues normally move or stretch during testing and
cause the sensor to move and render it spatially inaccurate. The uneven or nonconforming surfaces of the articulating cartilage and menisci on the tibia may
cause the sensor film to crinkle and get damaged during testing, especially at
higher loading condition.
Therefore, a novel method of securing the pressure mapping sensor was
developed for the study. Prior to sensor insertion, each sensor was manually
inspected to look for and unresponsive sensing regions and calibrated per the
manufacturer’s protocol. The sensitivity of the sensor was set based on the
expected maximum contact pressure sensor which varies and depends on the
specimens and loading involved. For the testing of an intact knee specimen, the
sensitivity was set to be higher since the maximum contact pressures were
expected to be lower. For specimen testing with pathology or arthroplasty (UKA
or TKR), the sensitivity level was reduced accordingly since any pressure reading
above the set maximum level would not be recorded. However, the same
sensitivity level has to be used for comparative studies such as comparing the
contact pressures of those from intact knee and TKR or UKA. Each side of the
sensor was loaded to 20% and 80% of the estimated maximum load and
recorded using the I-scan system software per the manufacturer
recommendation.
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Figure 4.9. K-scan sensor calibration. A
flat and square rubber (1 in2), a metal
plate, and dead weights were used in
the calibration process.

The sensor was reinforced with a double coated cloth tape (Fig 4.10) to
prevent the suture from tearing through the sensor during testing. The meniscus
was partially detached and the K-scan pressure sensor was inserted underneath
the meniscus [68]. The comparably smoother surface of the cartilage will help
significantly in minimizing the chance of the sensor film from getting folding,
crinkling, and being damaged during testing. However, the drawback to the
method is that the load transmitted through the menisci, which could be as much
as one third of the load through the knee joint, might not be fully captured due to
the size and sensing region of the sensor. In spite of this, it is still deemed
justifiable for the current study since the lowest contact point and the maximum
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contact pressures of interest are generally located within the sensing regions of
the sensor. Each suture strand was passed through the corner of the sensor with
no sensing element. After securing and aligning the sensor, each suture strand
was stretched and tied to the bone anchors (Fig. 19). This novel technique
minimizes the chance of the sensor moving during the testing and significantly
increases the accuracy of the result as opposed to the common technique of
suturing it to the surrounding soft tissues.

Figure 4.10. Novel technique of securing the K-scan sensor.
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CHAPTER 5
Validation and Repeatability:
Cadaveric Study
This chapter describes the validation and repeatability testing process for
the Clemson Knee Rig to ensure that the system is able to replicate the key
kinematics characteristics of a physiological knee. The most well-known knee
kinematics characteristics used to evaluate a knee rig are the femoral rollback
and tibial internal rotation. As the knee flexes in a healthy knee, the tibia
generally rotates internally while femur rotates externally and rolls back on tibia.
The motion is very important as femoral rollback increases the length of
quadriceps moment arm. This provides extra leverage and increases the
effective strength of the quadriceps. The primary objectives of the studies
presented in this chapter are 1) to validate the constructed knee rig by comparing
the key kinematic characteristics data gathered from a cadaveric specimen with
those from literature review 2) collect preliminary data to investigate the effect of
hamstring loading on the kinematics and quadriceps loading. In addition, the
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effects of adding hamstring loading to the system was also evaluated and
compared to those published in the literature. The functionality of the Clemson
Knee Rig was first evaluated with an artificial knee system (Sawbones) and a
posterior stabilized implant before proceeding to a more expensive cadaveric
study.
5.1 Preliminary testing with Posterior Stabilized implant
5.11 Methods
The initial testing was performed using a composite bone system
(Sawbones, Inc.) and a posterior stabilized implant, Foundation Knee System
(DJO Surgical, Austin, TX, USA). A posterior stabilized implant was utilized due
to the absence of ligamentous system in the artificial bone models. Therefore,
the semi-constrained knee or cruciate substituting implant was used instead. The
femur and tibia were prepared by our clinical collaborator according to the
implant standard surgical guidelines. The matching patella button was fixed to a
custom-built artificial patella, and attached to nylon webbing via screws and
epoxy. They were then cut to the desired length, potted, and mounted on the
knee rig. The medial collateral ligament and lateral collateral ligament were
simulated with nylon string. A body weight of 150N was added to the system. A
tracking tool with four markers was installed in femur and tibia respectively.
Extension was achieved by pulling the belt connected to a steel cable. Knee
bending simulation was repeated several times prior to data collection. The last
four cycles were recorded for analysis. Averages and standard deviations of the
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AP translation and I/E rotation data were calculated at each 10 degree increment
during flexion. The results were compared to the published values claimed by the
manufacturer (DJO, Inc.).

Figure 5.1. Sawbones with
installed Foundation Knee
System and tracking
markers.

Figure 5.2. Foundation Knee
Sytem (DJO, inc).

5.12 Results
During 0-40˚ of deep knee bending, the femoral component moved 9.4
mm posteriorly and then 1.83 mm anteriorly from 40-90˚. The highest standard
deviation for AP translation occurs at 10˚ of flexion with a standard deviation of
0.2 mm (mean=4.67 mm, max=5.12 mm, and min=4.32 mm). The tibia rotates
internally relative to the femur. From 0-90˚ of flexion, the tibia rotates 13.7˚
internally. The largest standard deviation for I/E rotation also occurs at 10˚ of
flexion with a standard deviation of 0.42˚ (mean=4.41˚, max=5.42˚, min=5.08˚).
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Figure 5.3. Average anterior/posterior translations of the Sawbones
femur model implanted with the Foundation Knee System (DJO, Inc)
between 0°-90° of flexion. The error bars indicating the standard
deviation.
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Figure 5.4. Average internal/external tibial rotation of the Sawbones
femur model implanted with the Foundation Knee System (DJO, Inc)
between 0°-90° of flexion. The error bars indicating the standard
deviation.
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5.13 Conclusions
During the simulated 0-90° of deep knee bend using the Clemson Knee
Rig, the tibia rotated internally relative to the femur and the femoral component
rolled posteriorly. According to the specifications published by the manufacturer
(DJO, inc), the Foundation Knee was designed to allow 8 mm of femoral rollback
and +/-15° of rotation. The experimental result shows that the AP transtion and
I/E rotation are well within the values claimed by the manufacturer. The initial
testing shows that the knee rig is able of replicating the intended knee
characteristics by the implant manufacturer. Therefore, the data may serve as
initial validation for the knee rig.
5.2 Validation and Repeatability Testing: Cadaveric Specimen
After the initial testing with artificial bone and implant systems, cadaveric
specimens were used to further validate the knee rig. The primary objectives of
this chapter are 1) to access the repeatability and validate the constructed knee
rig by comparing the key kinematic characteristics data gathered from a
cadaveric specimen with those from literature review 2) collect preliminary data
to investigate the effect of hamstring loading on the kinematics and quadriceps
loading.
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5.21 Methods
Four cadaveric knee specimens were obtained with appropriate IRB
approval for use in this study. Specimens were screened for deformities and
signs of prior surgery and dissected to isolate quadriceps, semi-membranosus
and biceps femoris, tendons joint capsule, retinaculum, and patellofemoral
ligaments. The specimen was then mounted to the knee rig and the physiologic
axes adjusted under direct fluoroscopy. A body weight of 150 N was applied to
the system. The motion capture system (Polaris Spectra (passive mode), NDI,
Ontario, Canada) was used to record and analyze gross motion of the joint (Fig.
3.15). A motion tracking tool was attached to the femoral and tibial shaft rigidly.
The tools axes are adjusted and set to be zero

Fig. 5.5. Polaris motion tracking
tools attached to tibia and femur.
Screws were used to rigidly
secure the tools onto the femur
and tibia.
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A K-scan system (Tekscan, Inc) was utilized to record joint contact
pressures within each condyle. These contact pressure data are presented in
the following chapter. Each specimen was cycled several times from 0˚ to 90˚
prior to testing. Each knee bending simulation was repeated 3 times for data
collection. The flexion/extension rate was set at 0.5 mm/sec. A sampling rate of
20 Hz was used on all data recording software. A specimen was then tested with
an applied hamstring load of 150 N [6] and without hamstring load in order to
access the effect on the resulting quadriceps loading and kinematics. The
instantaneous center of rotation of the joint system was used to predict the
position of the epicondylar axis (EPA). The midpoint of the EPA was used as the
initial kinematic reference point at full extension. The key kinematics parameters,
AP translation, I/E rotation, and the quadriceps loading are calculated, analyzed,
and compared to the literature data. Statistical differences between each group
were assessed using unpaired Student-t tests (α=0.05). The specimens were
used to validate the knee rig and ensure consistency and reproducibility of
results. These pilot specimens were also used to establish a baseline dataset of
specimen mechanics for future testing.

5.2 Results
5.21 Validation with Cadaveric Specimens
During 0-90˚ of flexion, the femur translated posteriorly, 14.78 ± 5.89 mm
(+/- std. dev.). In the first 40˚ of flexion, the tibia rotated internally, 6.89˚ ± 3.88˚.
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Then, it slightly rotated externally (5.23 ± 4.76˚) from 40˚ to 90˚ of flexion. The
highest standard deviations (SD) for AP translation and I/E rotation occur at 90˚
of flexion with coefficient of variations (C.V) of 0.4 and 0.91 respectively. The
maximum quadriceps load occurs at 90˚ of flexion (1998.07 ± 484.63 N) with the

A/P Translation (mm)

highest SD occurring at 80˚ of flexion (517.43 N).
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Figure 5.6. Average A/P translation of the femur for the intact knee specimens
between 0°-90°. The values are given as the mean for four knees, with the error
bars indicating the standard deviation.
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Figure 5.7. Average tibial I/E rotation for the intact knee specimens between 0°90°. The values are given as the mean for five knees, with the error bars
indicating the standard deviation.
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Figure 5.8. Average quadriceps force (N) for the intact knee during between 0°90°. The error bars indicates the standard deviation.
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5.22 Repeatability and Effect of Hamstrings Loading
During 0-90˚ of flexion, the femur from the hamstrings loaded group has a
maximum posterior translation of 22.35 ± 0.56 mm (mean +/- std. dev.), and for
the unloaded group, 23.26 ± 0.29 mm (p=0.067), relative to the tibia. The
difference between the means of the two groups (16.57 ± 0.59 mm and 18.53 ±
0.29 mm respectively) were the most significant at ~60° of flexion (p=0.007). The
mean maximum tibia internal rotation for the hamstring loaded group is 6.60 ±
0.12 mm, and for the unloaded group was 12.16 ± 1.21 mm (p=0.009). The
highest standard deviations for the hamstring loaded group occurs at 15° and 20°
of flexion, 5.72 ± 0.34 mm ( C.V = 0.06) and 7.74 ± 0.88 (C.V = 0.11) respectively.

Femoral Rollback

Figure 5.9. Average A/P translation between 0°-90° (150N hamstring load
Vs no load). The error bars indicates the standard deviation.
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Tibial I/E Rotation

Figure 5.10. Average tibial I/E rotation (150 N hamstring load vs. no load). The
error bars indicates the standard deviation.

5.3 Discussion and Conclusion
The results show that the Clemson Knee Rig is able to successfully
replicate the key kinematic features, such as femoral rollback and internal tibial
rotation during flexion, of a healthy knee although there are high variations
between different specimens [7]. In addition, the coefficient of variation within a
specimen is relatively low, which implies high consistency and repeatability of the
results produced using the knee rig. The effect of hamstring on the resulting
kinematics was also performed to ensure and access the significance of adding
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the hamstring loading system on the knee rig as suggested in the literature [8].
The applied hamstring loading increases the quadriceps force, reduces A/P
translation, and internal rotation, which is consistent with the literature [8].
This work is being expanded to include the addition of total knee
replacement systems, and to study the effects of ligament injury and postsurgical ligament reconstruction on lower extremity mechanics. A greater number
of samples will be used in the future study to further ensure the consistency and
repeatability of the results seen in this work. Future improvements to the design
may include integrating more motion control systems to simulate walking. The
knowledge obtained from the current and future studies performed using the rig
may help physicians and researchers to improve implant designs, surgical
techniques, patient selection criteria, and to better inform the patient about
possible post-operative or rehabilitation risks.
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CHAPTER 6
Contralateral Knee Joint
Mechanics after Unicondylar
Knee Arthroplasty
6.1 Introduction
Accelerated damage to the untreated compartment of the knee following
UKA has been an issue for attention [9]. Therefore, there is a need to identify the
factors which can be attributed to the poor long-term performance of the knee
following UKA, especially the residual state of the intact contralateral side.
Results from retrospective studies have indicated that inaccurate alignment
(varus/valgus) of UKA components may lead to the increased rates of clinical
failure [7,8] However, the degree of acceptable alignment, as well as the actual
changes in the contact pressure on the knee have not been well understood. In
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TKR, the angulation of the tibial component directly affects the femorotibial angle
(FTA), leading to possible alteration of the load distribution. In UKA, however, it is
possible to maintain the loading conditions even with different tibial component
angulations as long as the height of the joint line remains the same. Results from
finite element analysis (FEA) work by Lesaka et al indicated that slight valgus
inclination of the tibial component might be preferable over varus and even to 0°
when the height of joint line is maintained as far as stress distribution is
concerned [58]. Although the conventional 0° tibial component alignment has
yielded satisfactory success rates, it would be beneficial to explore the other
angulation possibilities that could further optimize the long term outcome of these
devices.

It has been reported that stresses above 2 MPa may increase the
likelihood of long-term cartilage damage and contribute to the onset and the
progression of arthritis [9,10]. Therefore, this contact pressure threshold will
serve as a basis of analysis for accessing potential damage in the untreated
compartment.

The purpose of our study is to quantify changes in knee

kinematics and joint pressures using an in vitro model following neutral and malaligned UKA, to elucidate further on the reasons for possible in vivo failure. It is
hypothesized that malposition as well as the mismatch in material compliance
between the UKA polymer tibial insert and contralateral intact cartilage may lead
to an abnormal joint kinematics and joint pressure distributions.
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6.2 Materials and Methods
Following baseline testing in the native knee, custom-built fixtures was
used to create various tibial component inclinations (0° neutral, 5° Varus/Valgus,
and 10° Varus/Valgus for the UKA study. Medial Unicompartmental systems
(Journey Uni) were donated by our industrial partner, Smith & Nephew, MA. A
modified implantation protocol that is specific for the fixture was developed and
revised based on inputs from our GHS clinical collaborators. This protocol mainly
includes the surgical procedures for making an extra 8 mm resection due to the
increase in the overall thickness of the implant system with the fixture. Medial
condyle UKA procedures were performed by our clinical collaborators at
Greenville Health System (GHS) according to the revised protocol.
Fixture design
The goal was to design a fixture that allow angulation of the
unicompartmental tibial component at various degrees of inclination (0° neutral, 5°
Varus/Valgus, and 10° Varus/Valgus) without significantly altering the height of
its joint line (Fig 6.1). The fixture allows the flexibility in adjusting the tibial
inclination without the need to remove the cemented tibial base plate at the
fixture-bone interface. The proposed fixture design (Fig. 6.2) consists of
angulation wedges (0°, 5°, and 10°) that were designed to be secured in between
two metal baseplates (primary and secondary).
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The pegs from the secondary metal backplate (top) were removed to
accommodate the wedge and three (3) countersunk screw holes were drilled into
the plate (Fig. 6.2). The wedges attached to the secondary baseplate can slide
along a slotted ‘T-bar’ on the primary base plate (Fig. 6.3). An additinal plate and
screw were used to prevent the wedge from sliding back out (Fig 6.3). This tibial
insert can be removed from the baseplate to allow access to the screws
underneath when replacing the angulation wedge.

Figure 6.1. Fixture and implant assembly for valgus (left), normal (mid), and varus
inclination (right). The dotted line shows the height of the joint line based on the
contact point between the femoral and tibial components.
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Figure 6.2. CAD assembly model of the
angulation fixture. The 3 screws underneath
the polyethylene insert lock the angulation
wedge to the secondary tibail base plate.

Figure 6.3. Custom built tibial
angulation fixture with sliding and
locking mechanisms.

Figure 6.4. Components of the tibial angulation
fixture: tibial insert (top), secondary baseplate,
wedge, and primary baseplate. An additional 8mm
resection on the tibia is needed from the normal
procedure.
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Tibia resection was implemented per manufacturer’s surgical guidelines
with an additional 8 mm extra resection to account for the additional (Fig 6.5)
implant height.

Figure 6.6. Tibia resection and the
extramedullary tibial guide.
Figure 6.5. Components of the tibial
angulation fixture: tibial insert (top),
secondary baseplate, wedge, and primary
baseplate. An additional 8mm resection on
the tibia is needed from the normal
procedure.

Medial condyle UKA procedures were performed by our clinical
collaborators at Greenville Health System (GHS). Optimal in vitro knee alignment
was performed according to the methods of MacWilliams et al. by adjusting the
position of the fixed femur and tibia (translation and rotation) to match their
physiological axes with guidance of portable fluoroscopy. The quadriceps tendon
was pulled at a rate of 0.5 mm/sec. The data sampling rate was 20 Hz. A
segmental body weight and hamstrings loads of 150N were applied to the system.

67

A motion capture system (Polaris) was used to track the kinematics. A K-scan
system (Tekscan, Inc) was utilized to record joint contact pressures within each
condyle. Each specimen underwent several full-bend cycles before the actual run
for the data collection on the Clemson Knee Rig. The specimens were tested
under the following configurations: intact (control), and UKA with various
inclination angles: 0˚, 5˚Varus/Valgus (V/V), and 10˚ V/V. The height of the joint
line was maintained on each configuration (Fig. 2). The average changes across
specimens under different UKA configurations were assessed for statistical
changes in motion, forces, and contact pressure variables with respect to
baseline. The mean contact pressures of the intact, normal UKA, and inclined
groups from some of tested specimens were plotted and analyzed. Based on the
threshold proposed by Hadley et al [10], the surface area of the cartilage
exposed to contact stresses above 2 MPa will also be processed and analyzed.
Statistical differences between each group were assessed using unpaired
Student-t tests (α=0.05).
6.3 Results and Discussion
Kinematics
The maximum AP translation on both UKA and control groups occur at
90°of flexion (17.66 ± 2.34, and 14.78 ± 5.89 N respectively, p-value=0.4). The
difference between the two groups is highest at 90˚ of flexion, but it is not
statistically significant. For the intact group, the tibia rotated internally, 6.89 ±
3.88˚, for the first 40˚ degree of flexion, and then it rotated externally. For the
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UKA group, the tibia rotated internally for the first 30˚ degree of flexion, 5.08 ±
3.31˚ and rotated externally from 40˚ to 90˚ degree of flexion. The difference in
rotation between the UKA and intact groups is only statistically significant at 80˚
of flexion (0.54 ± 2.00 ˚, 5.74 ± 3.58 ˚ respectively, p-value=0.044).
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Figure 6.7. Average A/P translation for intact and UKA groups between 0°-90°.
The error bars indicates the standard deviation.
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Figure 6.8. Average I/E tibial rotation for intact and UKA groups between 0°-90°.
The error bars indicates the standard deviation.

Quadriceps force
The maximum quadriceps forces on both UKA and control groups occur at
90° of flexion (1997.6±252.2 N, and 1998.1±450.0 N respectively, p-value=0.985).
The difference between UKA and intact is most pronounced at 10˚ of flexion
(69.6±31.7 N, 268.9±36.2 N respectively, p-value=0.084). Statistical analysis
using a paired student’s t test (α=0.05) shows that there is no significant
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difference in the quadriceps forces between the UKA and the control groups at all
flexion angles (10˚ increment).

Figure 6.9. Average quadriceps force (UKA vs Intact Knee) during 0-90˚
flexion. The error bars indicates the standard deviation.

Mean Contact Pressure
The maximum mean contact pressures on both the control and 0˚ UKA
groups occurred at 90˚ of flexion (1.20±0.15 MPa (±1 st.dev) vs. 1.06±0.18 MPa
respectively, p-value=0.334). For the V/V inclined groups (5˚, 10˚ varus, and 5˚,
10˚ valgus), the maximum mean contact pressures were 1.03±0.09 MPa (pvalue=0.289), 1.08±0.14 MPa (p-value=0.361), 1.0525±0.123 MPa (pvalue=0.185), and 1.08 ±0.17 MPa (p-value=0.419), with p-values in respect to
the control group respectively.
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Figure 6.10. Average lateral joint contact pressure before (intact) and post
UKA (0˚ normal). The error bars indicates the standard deviation.

Figure 6.11. Average lateral joint contact pressure under different UKA
inclination angles: 5 ˚, 10 ˚ valgus. The dotted lines show the mean contact
pressures of both the intact and 0 ˚ UKA groups. The error bars indicates the
standard deviation.
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Figure 6.12. Average lateral joint contact pressure under different UKA inclination
angles: 5 ˚, 10 ˚ Varus. The dotted lines show the mean contact pressures of both
the intact and 0 ˚ UKA groups. The error bars indicates the standard deviation.

Contact Stress Exposure
The contact stress exposure on the un-operated lateral compartment
during loading, for the intact and 0˚ UKA groups is presented graphically in Fig
6.13. The highest contact area with chronic stresses in excess of 2MPa for both
intact and 0˚ UKA groups occurred at 90˚ of flexion, 111 ± 52 mm2, 149 ± 91
mm2 respectively. Although it appears that the level of contact stress exposure
on the intact group is higher, this difference is not statistically significant, p =
0.497. The contact stress exposure on the UKA inclined group, 5˚, 10˚ varus, and
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5˚, 10˚ valgus, also occurred at 90˚ of flexion, 96 ± 40 mm2 (p=0.325), 87 ± 62
mm2 (p=0.303), 98 ± 42 mm2 (p=0.344), and109 ± 28 mm2 (p=0.436),
respectively (Fig. 6.14 and Fig. 6.15). Statistically, there is also no significant
difference between the UKA inclined and the intact knee groups.

Figure 6.13. Contact pressure of a normal (0˚) medial UKA specimen at 60˚ of
flexion. The red/yellow line highlights the contact stress area that is above 2 Mpa
on the lateral/unoperated condyle.
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Figure 6.13. Contact stress exposure of the articular cartilage prior to and
following UKA on the lateral compartment during flexion. The error bars indicates
the standard deviation.

Figure 6.14. Contact stress exposure of the articular cartilage for 0˚, 5˚ varus,
and 5˚ valgus UKA during flexion. The error bars indicates the standard
deviation.

75

Figure 6.15. Contact stress exposure of the articular cartilage for 0˚, 10˚ varus,
and 10˚ valgus UKA during flexion. The error bars indicates the standard
deviation.

Figure 6.16. Contact stress exposure of the articular cartilage on the lateral
compartments of various UKA and intact groups at 90˚ of flexion. The error bars
indicates the standard deviation.
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6.4 Conclusion
Past in-vitro studies have shown that UKA closely preserves natural knee
kinematics in vitro even though the medial condyle tended to be more posterior
[82]. The current study shows that the slightly higher posterior rollback does not
significantly increase the amount of force required for knee extension. Although
there is no statistical difference between the control and all the UKA groups, the
mean contact pressures of the intact group appear to be higher than those of all
the UKA groups. The valgus UKA groups appear to be the closest to the intact
knee, especially the 10˚ valgus inclined group (Fig. 6.11). The mismatch in
compliance between the lateral and medial condyle does not seem to
significantly affect the contact pressures on the lateral compartment of the knee
joint. Since the contact location on medial compartment is relatively constant in a
natural knee and the height of the joint line was kept constant in all UKA groups,
minimal changes in the mean contact pressures after the UKA procedures were
expected.
The surface areas of the cartilage exposed to pressures above 2 MPa are
the highest at 90˚ of flexion for all groups. However, none of the difference is
statistically significant compared to the intact group. Based on the data collected
from the current study, there is not enough indication to show that UKA
implantation as well as V/V alignment errors may cause more damage on the
contralateral side compared to a healthy knee. However, the anterior/posterior
(A/P) tilting, the height of the UKA joint line, and the wear could also significantly
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alter the contact pressures on the knee joint, and have yet to be investigated. A
greater number samples will be used in the future study to further ensure the
consistency and repeatability of the results seen in this work. The results from
study will provide a better understanding of articular contact load distribution,
which could be used to improve technical UKA design, clinical guidance for UKA
implantation, and, ideally better long-term results for knee UKA.

78

CHAPTER 7
Conclusions and Future Work
In the work, it has been shown that the Clemson knee rig was successfully
designed, constructed, tested, and validated with cadaveric specimens. The
unique alignment assembly allows the ease of recreating the anatomical
alignment of the knee in the knee rig system. The rig has special features and
distinct advantages over other systems, which include unique alignment
assembly, locking features, off-axis loading, Q-angle adjustment, winged counter
weight, high capacity motor, ability to measure contact pressure, ability to apply
distinct directional loading load for quadriceps, and incorporated advanced 3D
tracking system. The validation results from the study were shown to be within
the range of those produced in the literature [60]. The developed testing
protocols as well as the novel technique of securing the sensors have been
shown to be very effective in minimizing the problems, such as sensor shifting,
crinkling, and damage, which were previously encountered in other studies. The
written Matlab script has been able to efficiently locate the reference axes and
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planes, process the raw 3D kinematics data collected from the motion tracking
system, and output the AP data seen in the work. The data from the validation
study using cadaveric specimens will serve as a baseline for future knee testing.
Even though the produced results from the above UKA case study do not show
any significant difference between the quadriceps forces, kinematics (AP
translation and rotation), and contact pressures on the lateral condyles between
the native knee and UKA groups, it should be noted the UKA study was
performed under assumption that the height of the joint line remained unaltered.
The work presented in the study was focused on varus/valgus surgical alignment
errors only. However, proper alignment is in fact highly dependent on the
surgeon skills and experience and that surgical malalignment might not be limited
to varus/valgus error alone. The height of the joint line, posterior/anterior tilting,
varus/valgus, or various combinations of these errors could significantly alter the
results. Therefore, future UKA studies should also bed aimed to study the effects
of these surgical errors to gain a more comprehensive understanding on the
effect of alignment in the biomechanical behavior of the UKA knee. In addition, it
should be noted that the analysis was mainly based on the change in the contact
pressure in the lateral compartment only. Even though the overall height of the
joint line on the system was maintained, the contact point on the medial side was
likely to shift medially or laterally base on the different angulation configurations.
The off-centered loading on the tibia component might increase the moment, and
possibly contribute to the complications when the component is subjected to high
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cyclic loading conditions. The contact pressure and kinematics data that were
collected from the current study can be used as valuable inputs or a validation for
the future finite element analysis (FEA) studies. Using the inputs from the
experimental data, the stresses on the metal-bone interface on the UKA
compartment can be more accurately assessed in the FEA simulation and further
contribute to the current literature.
A greater number samples will be used in the study to further ensure the
consistency and repeatability of the results seen in this work. The results from
study will provide a better understanding of articular contact load distribution,
which could be used to improve technical UKA design, clinical guidance for UKA
implantation, and, ideally better long-term results for knee UKA. Results from the
experiment should provide information to help researchers and surgeons to
evaluate and decide which tibial component angulation is optimal to the long term
performance of the knee after the UKA procedure, and inform the greater
understanding of UKA biomechanical behavior of the knee, specifically on
articular contact load distributions and kinematics. The project will also promote
collaborative work between bioengineering students, researchers, and clinicians,
and make significant contribution to the current literature. The validated knee
simulator will also serve as valuable platform for future biomechanical studies of
the knee joint. The constructed and validated knee rig will also open up new
research project opportunities from industrial, academic, and clinical partners,
and provide funding for the lab and student researchers.
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